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Outline
• Basics of Gyrokinetic Particle Simulation
  -- Finite size particles
  -- Decoupling of gyromotion and polarization effects
  -- Governing equations

• Gyrokinetic Particle Simulation of Microturbulence 
   -- Simulation using the Gyrokinetic Toroidal Code (GTC)
  -- Scalability on MPP machines
  -- Influence of Parallel Velocity-Space Nonlinearity on Steady State Microturbulence  
 
• Integrated Plasma Simulation 
  -- Core-Edge Simulations
  -- Transport Time Scale Simulations
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Basics of Gyrokinetic Particle Simulation

• Finite-size particles 
  [Dawson et al. ‘68; Birdsall et al. ‘68]
   -- Coulomb interactions are collisionless 
   -- Collisional effects are subgrid phenomena

• Gyrokinetic particles 
  [Lee PF ‘83] 
  -- Gyromotion becomes motion of 
     rotating charged rings
  -- Polarization Effects in the field equations

• Efficient numerical methods to account for finite Larmor radius effects               
[Lee JCP ‘87; Lee and Qin PP ‘03]
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Gyrokinetic Vlasov-Maxwell Equations in Toroidal Geometry
• GK Vlasov equation - in gyrocenter coordinates 
[Lee PF ‘83; Hahm et al.  PF ‘88; Hahm PF ‘88; Brizard PF ‘88; Brizard J. Plas. Phys. ‘89; 
Qin et al. PoP ‘99; Qin et al. PoP ‘00; Qin et al., PoP ‘00; Lee and Qin PoP ‘03 ]
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• GK Poisson’s equation - in laboratory coordinates [Lee JCP ‘87]

• GK Ampere’s law -- in laboratory coordinates [Qin et al. PP ‘99]

GK Equations in Toroidal Geometry (cont.)
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6GK Equations in Toroidal Geometry (cont.)
• Calculations of FLR effects for k⊥ρi ∼ 1 is only possible in the

gyrocenter coordinates, but not in the laboratory coordinates
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7Reduced MHD Equations vs. Gyrokinetic-MHD Equations
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Magnetic Field Calculations
• For given zeroth-order field and density, parallel current and temperature profiles 

• Ampere’s law
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Fluctuation-Dissipation Theorem and Particle Simulation
• Plasma Waves and Finite-Size Particles [Langdon and Birdsall, PF 13, 2115 (1970)]

• Gyrokinetic Particle Simulation [Krommes et al., PF ‘86; Lee, JCP ‘87]

• Shear-Alfven Waves in Gyrokinetic Plasmas [Lee et al., PP ‘01]

• Compressional-Alfven Waves in Gyrokinetic Plasmas 
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10Perturbative Particle Simulation
•   f  simulation schemes: 

-- [Dimits and Lee, JCP ‘93; Parker and Lee, PF ‘93]

δ

•   Split-weight schemes: [Manuilskiy and Lee, PoP ‘00; Lee et al., PoP ‘01, 
Lewnadowski, PoP ‘03]
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•   Hybrid Scheme [Lin and Chen, PoP ‘01]

•   Time step is determined by zeroth order transit time of the electrons 
along the field line. 
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5

Global Turbulence Code (GTC)
(S. Ethier )

Earth     
Simulator                        25%          10        (Ethier)
3.7 TeraFlop with 2048 processors using 5 billion particles
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GTC size scaling studies (Lin et al. 2002 IAEA): 1 billion particles (8 particles/cell) for 
a/     = 1000 using 1024 processors on IBM-SP for 7000 time-steps took 72 wallclock hours 
to simulate 1 msec of discharge. 

(Lin and Ethier)
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or α ! 1



19Particle Diffusion due to Toroidal ITG Modes 

With                                            Without
Parallel Velocity-Space Nonlinearity

GyroBohm?                                       Bohm? 
Data Management and Visualization 

[Klasky, Ethier in collaboration with Beck, Ma]
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Transition from Bohm to GyroBohm
similar to  Lin, Ethier, Hahm and Tang, PRL ‘02?

GyroBohm

Bohm
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Collaboration with SciDAC-TOPS: D. E. Keyes and M. Adams 
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Turbulence Simulation in Transport Time Scale 

Run microturbulence 
simulation as an initial 

value problem

Nonlinear calculations for 
profile changes (density, 
temperature, current)

Calculations of 
new magnetic 
equilibrium

 Reloading particles



26Conclusions 
• Gyrokinetic Particle Simulation is a vital tool for fusion research 

• Gyrokinetic formalism is most suitable for tokamak and stellarator physics 
when FLR effects, inertial effects and linear and nonlinear wave-particle 
interactions are important 

• Gyrokinetic PIC toroidal simulation is an international effort: 
   GTC, GEM, PG3EQ, GT3D (JAERI), ORB5(CRPP)

• Team coding: version control, developer’s manual, OO (with V. Decyk)  

• Strong candidate for Integrated Fusion Simulation Project

Related GTC papers: 
 J. Lewandowski et al.-- Kinetic electrons using split-weight scheme [EP1.054] 
Y. Nishimura et al. -- Alfven physics using hybrid scheme [CP1.048]
W. X. Wang et al. -- Global simulation of shaped plasmas [CP1.047] 
 Z. Lin et al., -- Global ETG modes [NI1.003]
 S. Ethier et al.-- GTC performance on MPP platforms [HP1.014]
 T. S. Hahm et al., -- Turbulence Spreading [EP1.063]
 T. G. Jenkins et al. -- Parallel velocity space nonlinearity in in slab [CP1.053]


